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The products of V(D)J recombination are coding and 
signal jolnts. We show that the nucleotlde composition 
of the coding ends affects V(D)J recombination. The 
presence of Ts at the 5’ end of either the 12 mer or the 
23 mer recombination slgnal sequence (MS) greatly 
decreases coding and signal joint formation, and Ts 
at the 5’ ends of both RSSs eliminate recombination, 
suggesting that a step during the initiation phase of 
the recombination is affected. A 5’ T coding end can 
be rescued If the other end contains 5’ G, C, or A, im- 
plying that synapsis may be required. Furthermore, 
the presence of As at the Blend of the 12 mer, but not 
the 23 mer, RSS affects coding but not slgnal joint 
formatlon. This observation of asymmetric processing 
of coding ends suggests that different protein com- 
plexes are bound to the two RSSs, and become trans- 
ferred to the aligned coding ends during processing. 
Introduction 
Diversity in the variable regions of immunoglobulins and 
T cell receptors (TCR) is created by joining of variable (V), 
diversity (D), and joining (J) gene segments at the pre-6 
and pre-T cell stage of lymphoid development (reviewed 
by Lewis, 1994). V(D)J recombination is controlled by the 
recognition of specific DNA sequences associated with 
the V, D, and J genes. These recombination recognition 
sequences (RSS) consist of a specific heptamer and non- 
amer separated by a 12 mer (one turn) or 23 mer (two 
turn) DNA spacer. A site-specific recombination mecha- 
nism recognizes and joins the two RSSs forming a signal 
joint (SJ) and joins the ends adjacent to the RSSs to yield 
a coding joint (CJ). This reaction occurs efficiently only if 
one coding end is flanked by a 12 mer RSS and the other 
by a 23 mer RSS. After recognition of the RSSs, endo- 
nucleoiytic cleavage takes place outside the heptamers 
and a perfect signal joint (heptamer to heptamer) is 
formed. The two adjacent DNA ends are joined forming 
a coding joint, which, if rearranged into a correct transia- 
tional reading frame, will be expressed as immunoglobuiin 
or TCR protein. Before joining, most coding ends undergo 
addition of nucleotides by terminal deoxynucleotidyl trans- 
ferase (TdT) or deletion of nucleotides by the action of 
endo- or exonucleases. This imprecise joining of coding 
ends creates diversity in the variable regions of immuno- 
globulins and TCRs. 
It had been shown previously that the composition of 
the coding ends affects V(D)J recombination (Boubnov et 
al., 1993; Gerstein and Lieber, 1993). To obtain insight 
into the functional significance of coding end composition 
in V(D)J joining, we made a systematic comparision of 
extrachromosal substrates with different homopotymeric 
coding ends. The frequencies of rearrangement of these 
substrates was assayed after transfection into V(D)J re- 
combination-competent pre-B ceils. We found that the 
composition of the coding ends strongly influences the 
outcome of the V(D)J recombination reaction. We present 
evidence here indicating that the coding ends are treated 
differently depending upon their location relative to the 
RSSs. 
Results 
Experimental Strategy 
The rearrangement assay was done as described by 
Hesse et al. (1967). In brief, the extrachromosomai plas- 
mid constructs used in this study contain two bacterial 
drug resistance marker genes, chloramphenicol acetyl- 
transferase and neomycin phosphotransferase, which con- 
fer resistance to chloramphenicol (Cm) and kanamycin 
(Km), respectively. The neomycin phosphotransferase pro- 
moter (Pm) is separated from its coding region by prokary- 
otic transcription terminators that are flanked on either 
side by an RSS and a coding end (Figure 1A). Upon re- 
arrangement in pm-B cells, a coding joint is created, thus 
deleting the RSSs and the terminators. When introduced 
into Escherichia coii, only the recombined plasmids confer 
resistance to Km because deletion of the terminators 
allows expression of the neomycin phosphotransferase 
gene. The ratio of the doubly resistant colonies (CmKm) 
to the Cm-resistant colonies reflects recombination fre- 
quency (see Experimental Procedures). As some of the 
constructs gave very few recombinants, to distinguish be- 
tween the background and the true recombinant plasmids 
that confer resistance to Km, any colonies that grew on 
plates containing Km were further checked by a polymer- 
as8 chain reaction (PCR) assay for rearrangement (see 
Experimental Procedures). 
We studied sixteen coding joint plasmids and eight sig- 
nal joint piasmids with homopolymeric nucleotide se- 
quences (Figure 1 B; Table 1). Constructs were named by 
the nucleotide composition of the top strand. For example, 
piasmid substrate GlOAlO was so named because the 12 
mer RSS coding end contains ten G nucleotides and the 
23 mer RSS has ten A nucleotides (Figure 1 D). Constructs 
designed to retain a coding joint are called CJ (e.g., CJ- 
GlOAlO), whereas those designed to retain a signal joint 
are called SJ (e.g., SJ-GlOAlO). 
Effect of Coding Ends with Homopolymeric 
Nucleotides on V(D)J Recomblnatlon 
To analyze the effect of nucleotide composition present at 
the coding ends on the efficiency of V(D)J rearrangement, 
sixteen coding joint substrates with homopolymeric cod- 
ing ends and eight signal joint versions were used. Analy- 
put art 
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sis of the recombination frequencies among the coding 
joint constructs revealed that the nucleotide sequences of 
the coding ends influences the outcome of recombination 
(Table 1). The percent recombination of the CJ-homopoty- 
merit constructs falls into three major groups based upon 
the recombination frequency. The first group of substrates 
(CJ-ClOClO, CJ-ClOGlO, CJ-ClOTlO, CJ-GlOClO, CJ- 
GlOGlO, CJ-GlOTlO) exhibits similar recombination fre- 
quencies, as seen in the plasmids containing wild-type 
(CJWT) sequences (Figure 1 B). The second group (CJ- 
A9A10, CJ-ASClO, CJ-ASGlO, CJ-ASTlO, CJ-ClOAlO, 
CJ-GlOAlO, CJ-TlOClO, CJ-TlOGlO, CJ-TlOTlO) exhib- 
Figure 1. Recombination Substrates 
(A) Coding joint piasmid substrate, CJ-WT. The 
piasmid contains the pofyoma origin of repiica- 
tion (Py orf), the polyoma T antigen (F’y T), and 
a prokaryotic origin of replication @UC orf). ft 
also has two bacterial drug marker genes, 
chloramphenicol acetyftransferase (Cm) and 
neomycin phosphotransferase (Km) which 
confer resistance to chbramphenicot and ka- 
namycin, respectively. The neomycin phos- 
photransferase promoter (Pe,,) is -ted 
from its coding sequence by pmkaryotfc tran- 
scription teninators (TlT2). Located between 
the P, and the terminators are 10 nt (under- 
lined) of the VK coding region (V) and the 12 
mer RSS (open triangle). The 23 mer RSS 
(closed triangle) and 10 nt (underiined) of JK 
coding region(J) are focated between the termi- 
nators and the neomycin phosphotransferase 
coding region. The coding regions underfined 
in this figure are replaced by the designated 
polymers in the other test substrates. 
(B) Different combinations (1s) of homopoiy- 
merit nucieotides at the coding ends of Ci 
piasmid substrates. The constructs in the un- 
marked area rearrange at a similar frequency 
to that of the wild-type construct, the constructs 
in the stippled area rearrange at a much lower 
frequency than the wild-typewnstruct, and the 
construct in the shaded area does not re- 
arrange. 
(C) Signal joint constructs (8) containing homo- 
polymeric nucleotides at the coding ends. X, 
indicates that the constructs were not made. 
(D) inverse wnstructs CJ-GlOAlO and CJ- 
TlOClO. The constructs are named by the nu- 
cieotide composition of the top strand. The 
numbers denote the length of the nucfeotkfes. 
For example, GlOAlO means that the 12 mer 
RSS (open triangle) coding end contains 10 G 
nucieotides and the 23 mer RBS (closed trtan- 
gie) has 10 A nucieotides in the top strand. The 
plasmid substrate that retains the coding jofnt 
upon rearrangement is called CJ-GlOAlO. In- 
verse constructs contain identical coding ends. 
The only difference between them is the ioca- 
tion of the coding ends with respect to the RSS. 
For example, inverse construct CJGlOAlO 
has the coding end with G nucleotides at the 
B’end of the 12 mer RSS and T nucieotides at 
the L’end of the 23 mer RSS. CJ-TlOClO has 
a coding end containing G nucleotides at the 
L’end of the 23 mer RSS and T nucieotides at 
the 5’ end of the 12 mer RSS. 
(E) Signal joint construct SJ-GlOAlO. 
its recombination frequencies ranging from 3% to 9OCMold 
lower than the wild-type construct (Table 1). In the third 
group, (CJ-TlOAlO, WTlOA4, CJ-TlOA2), no recombi- 
nants were detected except for one aberrant recombinant 
with CJ-TlOAiO (Table 1). These results clearly indicate 
that the coding ends influence the outcome of V(D)J re- 
combination. 
To rule out the possibility that the effect of coding end 
nucleotide composition on V(D)J recombination is influ- 
enced by structural perturbations that may be caused by 
the homopolymeric nucleotides, we made constructs con- 
taining heteropolymeric or shorter stretches of a similar nu- 
C%&tng End Composition Affects V(D)J Recombination 
Table 1. Recombination Fraquencles for 22 Coding Joint and 9 Signal Joint Constructs 
Percent of Percent of 
Recombination of CJ Recombination of 6J 
Number Construct (Mean f SEM) (Mean 2 SEM) 
1 A9AlO 0.003 f 0.002 (7p 
2 A9C10 0.019 * 0.005 (4) 0.026 f 0.009 (6) 
3 AgOlO 0.014 f 0.005 (3) 0.105 f 0.034 (4) 
4 A9TlO 0.021 k 0.016 (4) 0.007 f 0.003 (3) 
5 CIOAIO 0.057 * 0.006 (5) 
6 ClOClO 0.157 f 0.102 (4) 
7 ClOGlO 0.693 f 0.217 (5) 
6 ClOTlO 0.230 f 0.076 (3) 0.054 f 0.009 (4) 
9 GIOAIO 0.029 * 0.002 (3) 0.042 * 0.010 (3) 
10 GlOClO 0.610 f 0.371 (4) 
11 GlOGlO 0.275 f 0.036 (4) 
12 GlOTlO 0.390 f 0.056 (5) 0.094 f 0.022 (5) 
13 TIOAIO *o.ooo6 f o.ooo@ (5) <0.001 
14 TlOClO 0.019 f 0.001 (3) 0.025 f 0.006 (3) 
15 TIOGIO 0.029 f 0.012 (4) 
16 TIOTIO 0.009 * 0.003 (3) 
17 Clo(CG)s 0.272 f 0669 (3) 
16 GlO(CG)5 0.463 f 0.137 (3) 
19 T1W-F 0.005 f 0.005 (4) 
20 TlOA2 GO.002 (6) 
21 TlOA4 <O.OOl (3) 
22 w-r 0.695 f 0.199 (4) 0.145 f 0.646 (4) 
‘5’-GCGCAGGGGATCAAGATCGCTAGCTTTTTTTTTT AAAAAAAAAACTCGAGGATCTGATCAAGAGA-3’ 
5’- GCGCAGGW TGATCAAGAGA- 3’ 
Sequence of the single aberrant recombinant. The top sequence represents the CJ-TIOAIO sequence; the sequence of the aberrant recombinant, 
with a totaf deletion of 42 nt, is shown below. Homologous nucleotides at the coding junction are underlined. 
b The number of independent experiments is shown in parentheses for each construct. 
cleotide composition. These constructs were CJClO(CG)5, 
CJGlO(CG)5, CJ-TlOA2, CJ-TlOA4, CJ-Tl O(AT)5. Thecon 
structs with coding ends containing T nucleotides at the 
12 mer RSS and also those with A2, A4, or (AT)5 nucleo- 
tides at the 23 mer RSS all behaved similarly to CJ-Tl OAl 0 
(CJ-TlOAlO = CJ-TlOA2, CJ-TlOA4, CJ-TlO(AT&) (see 
Table 1). The constructs with C or G homopolymers at the 
12 mer RSS and (CG)5 heteropolymers at the 23 mer RSS 
have similar recombination frequencies as the respective 
homopolymeric substrates (CJClOGlO, CJ-GlOClO = 
CJClO(CG)5, CJ-GlO(CG)S) (see Table 1). We conclude 
that nucleotide composition at the coding ends is more 
likely responsible for the effect on V(D)J recombination 
rather than possible DNA structural perturbations. 
The Preeence of T Nucleotidee et the 5’ End of the 
Heptemer CACAGTG Affects Initiation 
of V(D)J Recomblnetion 
From the results shown above, it appeared that coding 
joint constructs in group three did not rearrange. On closer 
examination, constructs in this group contain T nucleo 
tides at the 5’end of both the RSSs. Some of the constructs 
in the second group (CJ-A9A10, CJ-GlOAlO, CJClOAlO, 
CJ-TlOGlO, CJ-TlOClO, CJ-TlOTlO) also contain T nu- 
cleotides at the 5’ end of one of the RSSs. These results 
suggested that the presence of T nucleotides at the 5’end 
of the RSSs interferes with rearrangement. To determine 
whether this is an effect on initiation or coding end pro- 
cessing in V(D)J recombination, we compared the recom- 
bination frequencies of coding joint constructs and those 
of the respective signal joint constructs. It was expected 
that alterations in initiation would affect both coding and 
signal joint formation, but alterations of coding end pro- 
cessing would affect only coding joint frequencies. 
As shown in Table 1 (numbers 1, 5, 9, 13-16, 19-21) 
the coding joint and signal joint constructs with 5’ Ts that 
we tested were reduced in recombination frequencies 
compared with the wild-type constructs. (The wild-type 
coding joint construct has a Mold higher recombination 
frequency than the wild-type signal joint construct. This 
could be a result of the particular V and J region sequences 
used, which may have been naturally selected for efficient 
coding joint formation [see Experimental Procedures]). 
Since both signal and coding joint formation are affected 
by 5’ Ts, these nucleotfdes appear to interfere with the ini- 
tiation phase of V(D)J recombination. To determine whether 
there was an influence of the particular RSS associated 
with a T-rich coding end, we compared inverse constructs 
(Figure 2). Inverse constructs contain identical coding 
ends but differ in the location with respect to the 12 mer 
RSS and the 23 mer RSS(see Figure 1 D). As an illustration 
of a pair of inverse constructs, GlOAlO has a coding end 
with ten G nucleotides at the 5’ end of the 12 mer RSS, 
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The wild type CJ recombination frequency is 0.895 * 0.199 
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Figure 2. Recombination Frequencies of Plasmid Constructs with 
Coding Ends Containing T Nucleotides at the 5’ End of the RSS 
(A) Coding joint substrates: pairs of inverse constructs CJ-GiOAlO, 
CJ-TlOClO, and CJ-CiOAlO, CJ-TlOGiO, and a pair of mirror con- 
structs of CJ-AQTlO, CJ-TlOAlO. 
(6) Signal joint substrates: a pair of inverse constructs SJ-GlOAiO, 
SJ-TlOClO and a pair of mirror constructs SJ-AQTIO, SJ-TlOAlO. The 
location of the coding ends 5’ to the heptamer sequences are shown 
for each construct. The last two columns show percent recombination 
( f SEM; see Experimental Procedures) and the ratio between the 
members of a pair (A/S). 
whereas CJ-TlOClO has ten OS present at the 5’ end of 
the 23 mer RSS (see Figure 1D). 
The recombination frequencies of the coding joint sub- 
strates CJ-GlOAlO and CJ-TlOClO are 0.029 f 0.002 
and 0.019 f 0.001, respectively (Figure 2A). The ratio 
between these. inverse constructs is 1.5, which suggests 
that the constructs are not significantly different from each 
other. Inverse CJ-homopolymeric substrates, CJ-Cl OAlO 
and CJ-TlOGlO, also behave similarly (Figure 2A). The 
recombination frequency of the corresponding signal joint 
construct SJ-GlOAlO is 0.042% f 0.01% and that of 
SJ-TlOClO is 0.025% f 0.008%; again, these values do 
not differ significantly (Figure 28). Therefore, there is no 
differential effect bythetwo typesof RSSs. Consistent with 
the results derived from comparison of inverse construct 
pairs, the CJ-TlOTlO construct also shows a similarly low 
recombination frequency (Table 1). 
As an additional test, we analyzed the frequencies of 
recombination in the coding joint CJ-TlOAlO. In this sub- 
strate, both coding ends contain T nucleotides at the 5’ 
ends of the RSSs. After screening approximately 108 colo- 
nies, the only recombinant we found contained an aberrant 
coding joint (Table 1). This joint was probably formed by 
homologous recombination. We also checked the recom- 
bination frequency of Cl-T1 OA2, CJ-Tl OA4, and UTlO(AT)5. 
All three plasmid substrates behaved similarly to CJ- 
TlOAlO (Table 1). No recombinants were detected for 
Ti OA2, Tl OA4 constructs (Table 1). The Tl O(AT)5 exhib- 
ited 0.005% f 0.005% recombination (Table 1). Absence 
of recombination in CJ-TlOA2, but a detectable level of 
recombination in the CJ-Tl O(AT)5 construct, suggests that 
the presence of two Ts at the coding end of the 23 mer 
RSS blocks recombination completely, but one T at the 
23 mer RSS still allows recombination at a reduced fre- 
quency. Similarly, signal joints with Ts at the S’end of both 
RSSs do not rearrange (Figure 28). As a control, we made 
signal and coding joint mirror constructs (SJASTlO and 
CJ-A9TlO) that contain A nucleotides at the 5’ end of the 
RSSs. Both CJ-A9TlO and SJASTlO rearranged at a de- 
tectable frequency (Figures 2A and 28). Taken together, 
the data strongly suggest that T nucleotides at the 5’ end 
of either RSS interfere with the initiation step in recombi- 
nation. 
Coding Ends Are Processed Asymmetrically 
A surprising result was obtained upon comparison of two 
groups of inverse constructs, namely, CJ-GlOTlO versus 
CJ-A9ClO and CJ-ClOTlO versus CJ-A9GlO (Figure 3). 
CJ-GlOTiO and CJ-A9ClO have the same polarity with 
respect to the heptamer sequence in the RSS, i.e., they 
contain identical coding ends except for their location rela- 
tive to the RSSs. The only difference is that in CJ-GlOTlO, 
the A is located at the 23 mer RSS (symbolized as 5’AlO- 
CACAGTG-23 mer) and in CJASCIO, the A is located at 
the 12 mer RSS (symbolized as B’AS-CACAGTG-12 mer) 
(Figure 3). One would expect that both constructs would 
give similar recombination frequencies, since the cleav- 
age occurs at the border of the heptamer and the coding 
end sequences (Roth et al., 1993; Schlissel et al., 1993) 
and both constructs have identical sequence polarity with 
respect to the RSS. Therefore, we anticipated that the 
coding ends would be processed equally in the inverse 
constructs. Interestingly, we found that recombination is 
20.5-fold higher in the CJ-GiOTlO construct compared 
with the CJ-A9ClO construct (Figure 3). A similar observa- 
tion was made with the inverse constructs CJClOTlO and 
CJ-A9GlO (Figure 3). CJ-ClOTlO is 18.4-fold higher in 
recombination frequency than CJ-A9GlO (Figure 3). This 
difference in recombination appears to be due to the loca- 
tion of the coding ends with respect to the two RSSs (see 
Discussion). 
To distinguish whether this defect is in the coding end 
processing or in the initiation step of recombination, we 
constructed the pairs of signal joint plasmid substrates, 
SJ-GlOTiO, SJ-ASClOand SJ-ClOTlO, SJA9GlO. There 
is no significant difference in the frequency of recombi- 
nation between these St-inverse constructs (Figure 3). 
These striking differences between the pairs of the coding 
and signal joint constructs suggest that there is asymmetri- 
cal treatment in the processing step(s) of the coding ends 
depending on their positions relative to the 12 mer or 23 
mer RSS. 
Coding End Composition Affects V(D)J Recombination 
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Figure 3. Recombination Frequencies of Plasmid Constructs with 
Coding Ends Containing A Nucleotides at the 5’ End of the RSS 
The panels show the pairs of inverse constructs CJ-GlOTIO, CJ- 
AQClO, and CJClOTlO, Cl-AQGIO, and S-JGlOTlO, SJ-AQClO and 
SJClOTlO, SJ-AQGlO. The location of the coding ends 5’to the hep- 
tamer sequences are shown for each construct. The last two columns 
show percent recombination ( f SEM; see Experimental Procedures) 
and the ratio between the members of a pair (Ale). 
Construct CJ-ASAIO contains coding ends with A nucleo 
tides at the 5’ end of the 12 mer RSS and T nucleotides 
at the 5’end of the 23 mer RSS. The percent recombination 
of WASA was0.003 f 0.002. Thissubstrateisapproxi- 
mately 7-fold lower in recombination frequency compared 
with the other three substrates containing A nucleotides 
at the 5’ end of the 12 mer RSS (CJ-A9C10, CJ-ASGlO, 
and Cl-ASTlO). This result suggests that the CJASAlO 
construct is affected at both the initiation event, owing to 
T nucleotides at the 5’ end of the 23 mer RSS, and the 
processing event, owing to A nucleotides at the 5’ end of 
the 12 mer RSS (Table 1). 
Discussion 
The systematic comparison of the frequencies of V(D)J 
recombination with plasmid substrates containing combi- 
nations of coding ends with homopolymeric and hetero- 
polymeric nucleotides has produced two major results: 
coding ends containing T nucleotides at the 5’ end of the 
RSS affect the initiation of V(D)J recombination; and cod- 
ing ends are processed asymmetrically depending upon 
which RSS they were associated with before DNA cleavage. 
T Nucleotides at the 5’ End of the RSS Affect 
lnitlation and T Nucleotides at Both Ends 
Eliminate V(D)J Recombination 
Others have shown, using extrachromosomal substrates 
containing defined coding ends, that the coding end se- 
quence affectsV(D)J recombination (Soubnovet al., 1993; 
Gerstein and Lieber, 1993). The presence of T nucleotides 
at the 5’ end of the 12 mer RSS greatly decreases the 
recombination frequency (Gerstein and Lieber, 1993; Fig 
ure 2). We show that this is also true for Ts at the 5’ end 
of the 23 mer RSS (Table 1; Figure 2) and furthermore 
find that recombination is eliminated when both RSSs con- 
tain T nucleotides at the 5’ end. One could postulate that 
in the case of CJ-Tl OAlO the pure AT composition at both 
the coding ends might lead to the formation of an aberrant 
joint (Table 1). To test this possibility, we sequenced re 
combinants from three other coding joint constructs con- 
taining only As and Ts at their coding ends (Cl-A9T10, 
CJ-Tl OTl 0, and WASAl 0). These three substrates con- 
tain similar nucleotide compositions to that of CJ-TlOAlO. 
If any structural perturbation is the cause of the CJ-Tl OAl 0 
aberrant recombinant, then one might expect to find simi- 
lar recombinants in these three constructs. However, we 
did not detect any aberrant recombinant8 derived from 
these three constructs (data not shown). Therefore, AT- 
rich sequences can result in normal joints leading to the 
conclusion that 5’ Ts are a special case. 
The aberrant joint in CJ-TlOAlO has 22 nt deleted at 
the coding end of the 12 mer RSS and 20 nt deleted at 
the coding end of the 23 mer RSS (Table 1). The aberrant 
joint occurred at a region of homology, GGATC. The dela 
tion could be due to a V(D)J recombinase-mediated event 
or other recombination events. For example, intraplasmid 
recombination could have occurred during replication in 
E. coli. Another possibility is that after cleavage at the 
RSSs, the coding ends are subjected to exonucleolytic 
action, endonucleolytic action, or both, and then the ends 
are joined by the action of homologous recombination. 
Since we did not detect any other recombinants in this 
class, it is difficult to ascertain the origin of this aberrant 
recombinant. 
Since Ts at the 5’ end of the RSS affect both coding 
joint and signal joint formation, they most likely interfere 
with initiation. Initiation involves the binding of the V(D)J 
recombinase to the RSSs, synapsis of the 12 mer and 23 
mer RSSs, and precise cleavage at the heptamer-coding 
end borders (Lewis, 1994). The basis for recognition of 
the RSSs is still unknown, but it has been speculated that 
the Rag-l and Rag-2 proteins may be involved in recogni- 
tion and synapsis. Cleavage may be initiated as a single- 
stranded nick at the precise coding-signal borders and 
invasion of the other strand, resulting in a hairpin at the 
coding end and a flush double-stranded signal end (Lieber, 
1991; Roth et al., 1992, 1993; Zhu and Roth, 1995). 
The negative effects of T nucleotides at the 5’ ends of 
both RSSs are synergistic, rather than additive (Figure 4). 
This suggests, that when initiation can occur due to the 
presence of one high affinity coding end, the other end 
can be rescued even if it contains 5’Ts. The finding further 
implies that a 5’T-RSS end cannot initiate recombination 
by itself. The effect could be at any step of the initiation 
event: binding, synapsis, or cleavage. One possibility’ is 
that the affinity between a 5’ T containing end and its re- 
spective 12 mer or 23 mer RSS binding protein compfex 
may be low and become stabilized only upon synapsis 
and interaction with acomplex bound with higher affinity to 
the other RSS. The stronger effect obsenfed in the coding 
joints compared with the signal joints may indicate that 
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Figure 4. The Effect of 5’ Ts on V(D)J Recombination 
Conclusions: 5’ Ts affect initiation; Ts 5’ of both RSSs inhibit V(D)J 
recombination synergistically. 
the presence of 5’ T also affects the processing of the 
coding ends. 
T nucleotides at the 5’ end of the RSSs are underrepre- 
sented at natural coding ends. A search of the mouse 
immunoglobulin and TCR genes showed Ts present at 
11.7% of the S’end of the 23 mer RSS coding ends among 
64 examples searched, and Ts present at 6.25% of the 
5’ end of 12 mer RSS coding ends among 65 examples 
searched. The low percentage of Ts suggests that coding 
ends withTsatthe5’endof the RSS may not beapreferred 
substrate for the recombinase. Even though Ts are under- 
represented, it is conceivable that the fraction of Ts pres- 
ent in coding ends could be evolutionarily conserved and 
play an important role for certain immunoglobulin and TCR 
usage. It has been shown that most of the y5 T cells pres- 
ent in the epidermal and vaginal epithelium contain almost 
invariant T cell receptors (Asarnow et al., 1993; Goldman 
et al., 1993; Lafaille et al., 1989). There is less diversity 
at theV(D)J joining region in thesecells, owing to restricted 
V gene usage, but, more importantly in this context, invari- 
able joining of the coding ends used. This happens even 
when the joint cannot be positively selected (Asarnow et 
al., 1993; ltohara et al., 1993). It is noteworthy that the 
Vy3, Jyl , Jy2, and D52 gene segments involved in these 
restricted 75 T cells have one T at the 5’ end of the RSS. 
A single T indeed affects recombination, as shown by 
Gerstein and Lieber (1993). One could suggest that in y6 
cells, the presence of the Ts could prevent conventional 
V(D)J recombination events and instead recruit a specific 
recombinase-repair complex, which in turn could nullify 
the effect of Ts and mediate the coding joint formation in a 
particular fashion. The specific recombination mechanism 
imposedonthesecellscould leadtotheformationof invari- 
ant T cell receptors. Others have suggested that the invari- 
ability arises from restricted homologous recombination 
occurring at the coding ends, which is guided by short 
homologous nucleotide sequences (Asarnow et al., 1993; 
ltohara et al., 1993). 
As suggested above, in addition to their negative effect 
in initiation, Ts at the 5’ ends of the RSSs could interfere 
with processing of coding ends. For example, a persistent 
cleavage at the heptamer-coding end border could lead 
to a DNA break at that site and subsequent nucleolytii 
attack would affect both ends. The presence of such 
breaks could be involved in chromosomal translocations. 
Surprisingly, most chromosomal translocations in which 
V(D)J recombination has been implicated contain Tat the 
5’ end of the RSS either at the immunoglobulin and TCR 
genes-derived end or next to a consensus RSS in the 
partner chromosome (Finger et al., 1986; Haluska et al., 
1986; Showe and Croce, 1987; Tsujimoto et al., 1985). 
Coding Ends Are Proces~~I AsymmetrIcally 
Thecodingjoint inverseconstructs,CJG1OT10,CJ-A9C10 
and CJ-ClOTlO, CJ-A9GlO have identical coding ends, 
yet there is a 20.5fold and 16.4fold difference in joining 
frequencies between the partners of these pairs (Figure 3). 
On the other hand, there is only a very small, and perhaps 
nonsignificant, difference in recombination frequencies 
between the corresponding signal joint inverse pairs, re- 
sulting in a striking difference in the ratios between coding 
joint and signal joint inverse pairs (Figure 3). These obser- 
vations suggest that the coding ends are processed differ- 
ently depending upon their location relative to the 12 mer 
or the 23 mer RSS. 
Processing of the coding ends is believed to include 
the following steps: opening of the hairpins, resulting in 
P nucleotides, unless the single-stranded nick is between 
the terminal nucleotides; exe- or endonucleolytic nibbling 
of the free double-stranded ends; addition of untemplated 
nucleotides (N sequences) if TdT is present; alignment 
and perhaps further correction of the ends; and finally, 
ligation to form the coding joint (Lewis, 1994). There are 
a number of possibilities to explain the asymmetric pro- 
cessing of the coding ends. For example, after cleavage, 
the coding end with A nucleotides at the 12 mer RSS could 
be defective in forming a hairpin or the hairpin that formed 
may be opened earlier than the hairpin formed at the cod- 
ing end of the 23 mer RSS. Eiiher a defect in hairpin forma- 
tion or premature opening of the hairpin may leave this 
end susceptible for prolonged nucleolytic attack, leading 
to a reduction in the coding joint formation. 
Recent data support a model in which coding and signal 
joint formation are coupled, because hairpin formation is 
coincidental with cleavage at the heptamers (Zhu and 
Roth, 1995). It is suggested that a singlsstranded nick 
exactly at the border of the heptamer leads to the attack 
of the other strand, thus creating a hairpin and the flush 
double-stranded end of the signal (Lieber, 1991; Roth et 
al., 1992, 1993). Based on this model, anything that inter- 
feres with hairpin formation ought to affect both coding and 
signal joint formation. However, it is possible that when 
As are located 5’ of the 12 mer RSS, a recombination 
mechanism is activated that does not use hairpin forma- 
CoTng End Composition Affects V(D)J Recombination 
Figure 5. Model for Asymmetric Processing of the Coding Ends 
Inverse constructs CJGIOTIO, CJ-A9ClO and their products are 
shown diagrammatically. Protein complexes that are involved in V(D)J 
recombination are shown as globular structures with asymmetric distri- 
bution at the 12 mer RSS, 23 mer RSS, and the coding ends. 
tion, but another way of producing a double-stranded cut 
precisely at the heptamer-coding end border. 
Besides the presence of As 5’ of the 12 mer, the only 
other known situation that interferes with coding joint pro- 
cessing, but not the formation of signal joints, is the scld 
defect in the mouse (Sosma and Carroll, 1991; Lieber et 
al., 1988) and the mutation in the V3 cell line (Taccioli et 
al., lQ94a). The latter is presumably also defective in the 
scid gene. It has been suggested that the Scid protein is 
the catalytic subunit, p350, of the Ku protein containing 
DNA-dependent protein kinase, and that it may be in- 
volved in the opening of hairpins (Taccioli et al., 1994b; 
Gottlieb and Jackson, 1993; Rathmell and Chu, 1994). 
Based on results with mutant cell lines, both coding and 
signal joint formation are affected by defective Ku polypep- 
tides (Taccioli et al., 1994b). It has been postulated that 
the Ku p7O/p66 complex binds tightly to the hairpin ends 
and prevents opening of the hairpins until it is released 
or is altered in its binding properties by the action of the 
Scid protein (Zhu and Roth, 1995). It is possible that the 
presence of 5’ A nucleotides at the 12 mer interferes with 
the action of the DNA-dependent protein kinase. 
The determination of whether hairpin formation or reso- 
lution or any one of the later processing steps may be 
affected by As 5’of the 12 mer will require further analysis. 
However, it appears clear that the signal end affects pro- 
cessing of its adjacent coding end. It is reasonable to pos- 
tulate that different protein complexes may be associated 
with the 12 mer and 23 mer RSSs. Presumably, the struc- 
ture or quantities of certain components must be different 
to accommodate the one-turn versus two-turn double heli- 
ces of the respective spacers (Figure 5). It appears that 
the presence or lack of certain component(s) associated 
with the 12 mer RSS results in a lowered efficiency of 
processing the neighboring coding end when it contains 
5’ A nucleotides. If the Rag proteins can be implicated in 
recognition of the RSSs, it is possible that Rag-l and Rag-2, 
or differential modifications of these components, distin- 
guish the 12 mer and 23 rner RSS bound protein complexes. 
The interesting possibility exists that the Rag activities 
may extend to the processing stage. Recently, mutants 
of Rag genes have been analyzed that affect both signal 
and coding end formation (Cuomo and Oettinger, 1994; 
Kallenbach and Rougeon, 1992; Sadofsky et al., 1993; 
Silver et al., 1993). It will be interesting to determine 
whether any such mutants show coding joint-specific de- 
fects using the inverse pairs of coding ends described 
here. 
Systematic analysis of the recombination frequencies 
of all possible homopolymeric constructs provides clues 
about the mechanism of V(D)J recombination, in particular 
the interaction between the RSSs and the asymmetrical 
processing of the coding ends. The biochemical analysis 
of these intermediates in V(D)J recombination and eventu- 
ally the establishment of a cell-free system for V(D)J re- 
arrangement will be aided by these findings. 
Expeflnlental Proceduma 
ConstructIon of Coding Joint end Signal Joint Plwmlds 
Extrachromoeomal substrate plasmids Cl-WT and SJ-Wl and their 
derivatives containing homopolymeric or heteropolymeric sequences 
at the coding ends were used for this study (Figure 1). CJ-WT and 
SJ-WT have wild-type V and J eequences corresponding to 10 nt of 
the VK from the rearranged K gene of the MOPC167 myeloma and 
10 nt of JKI (Engler and Storb, 1987). The CJ derivatives retain the 
coding joint upon rearrangement, whereas SJ derivatives retain the 
signaljointuponrearrangement. PlasmidCJ-Wwasconstructedfrom 
the following DNA fragments: Hindlll-Bglll fragment containing the 
PKm promoter region (Beck et al., 1992); Bglll-Hpal containing a syn- 
theticDNAfragmentwithVuand the 12mer RSSfollowed byrrnETlT2 
terminators, which were derived from the pKK232-9 plasmid (Brosius 
and Lupski, 1997); the terminators are followed by a synthetic DNA 
fragment containing 23 mer RSS and the JK; the coding region of the 
neomycin phosphotraneferase gene (Beck et al., 1992); the T antigen 
and origin of replication from polyoma virus, which were derived from 
JH200 (Hesee et al., 1997); and the region following the polyoma origin 
to the PIQ,, promoter containing the pUC origin of replication and the 
gene encoding chloroampheniwl acetyl transferase (Rose, 1999). 
PlasmMs containing homopolymeric and hetempolymeric coding 
ends were dedved from the above parental p&mid (CJ-WT; Figure 1 A) 
by replacing the Nhel-Bglll or BamHI-Xhol DNA fragment by synthetic 
oligonucleotides containing compatible ends for Nhel and Bglll and 
with the respective coding ends and replacing the DNA fragments 
BamHI-Xhol with the synthetic oligonudeotide DNA fragment wn- 
taining compatible ends for BamHl end Xhol with the respective coding 
ends. As an example, the oligonudeotkle fragments used for CJ- 
GIOAIO are shown here: 5’-GATCTATCCACTGTGGGGGGGGG- 
GGG-3’, 5’4ATCCACCACTGTGCCCCCCCCCCC3: and 5’-GATCC 
ACCACTGTGAAAAAAAAAAC-3’. 5’-TCGAGmCACAGT- 
GGTG-3’. The etructure of the 23 mer RSSaesoc iated coding regions 
of TlOA2 and TlOA4 are the following: heptamer-AAGGACGlTC- 
Xhol, or heptamer-AAAAACGlTC-Xhol. 
Signal joint plasmid constructs were derived from the respectiie 
coding joint plasmkls by interchanging the Nhel-Sall and Spel-Xhol 
fragments. Coding joint plasmids were deaved by the restrictiin en- 
zymes Nhel, Sell, Spel, and Xhol. The DNA ends generated by Nhel 
and Spel are compatible, as are those generated by WI and Xhol. 
The plasmid DNA digeeted with the above four restriction enzymes 
wae ligated, transformed into E. wli, and colonies selected on Cm 
plates. Plasmids lacking all four restriction sites were selected and the 
structures were verified by restriction mapping and DNA sequencing. 
Recombination Assay 
Plasmid substrates were transfected into pre-B cells of the 
ABC1.28.13.5 cell line (Persiani et al., 1937) by electroporation. After 
43 hr, the plasmids were recovered by the Hirt (1967) procedure, and 
subjected to Dpnl digestion. Replication of the plasmid molecules in 
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pm-B cell lines caused loss of their dam methylation (Lieber et al.. 
1957). Therefore, replicated plasmlds are refractory to Dpnl treatment. 
The replicated plasmids were then transformed into E. toll by electro- 
poratlon. Upon rearrangement, the prokaryotic terminators between 
the RSSs are deleted, thereby allowing expression of the kanamycin 
gene (Figure I). Therefore, the rearranged plasmid confers resistance 
to the antibiotic Km. The plasmid also has Cm resistance as a re 
arrangement-Independent antibiotic marker gene. The transformed 
bacteria are plated onto agar plates containing Cm alone or containing 
both Cm and Km. The colonies that grow on these double drug plates 
are indicative of the presence of rearranged plasmids. 
Any colonies that grew on the CmKm plates were further assayed 
by a PCR method. Some of the constructs exhibited low levels of 
recombination frequency. To distinguish between the few colonies that 
grow on the CmKm plates that contain rearranged plasmids and the 
background level of wlonies without rearrangement that grow on these 
plates, it was nscessary to perform the PCR assay for all colonies that 
grew on the CmKm plates. Individual colonies from the CmKm plates 
were picked with sterile toothpicks and transferred to 96-well plates 
containing Mg minimal media. About I/l400 of a colony was used 
in a IO nl PCR reaction. The primers were from the Km promoter 
(5’-CCTCTQQTAAGQlTGGGAAG-3’) and the Km coding region (5’- 
TGCTGCAGCCGAATAGCCTC-3’). The PCR products were electro- 
phoresed on 2% agamse gels and DNA fragments visualized by ethid- 
ium bromide staining. The unrearrangsd plasmids give a 791 bp DNA 
fragment for both CJ and SJ wnstructs, whereas the rearranged plas- 
mids give a -21 I bp fragment for CJ wnstructs and - I63 bp for SJ 
wnstructs. The percent recombination was calculated from the ratio 
CmRKmR/CmR, always using the PCR-corrected value for CmRKmR. 
The rearranged plasm& were further verlfled by restrictlln enzyme 
analysis. 
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